Background: Previous studies have demonstrated that patient, surgical, tumour and operative variables affect the complexity of laparoscopic liver resections. However, current difficulty scoring systems address only tumour factors. The aim of this study was to develop and validate a predictive model for the risk of intraoperative complications during laparoscopic liver resections.
Introduction
Laparoscopic liver surgery has been demonstrated to reduce intraoperative blood loss, duration of hospital stay and morbidity, while maintaining the oncological efficiency of its open counterpart at a similar financial cost 1 -12 . However, there is considerable variation in the technical complexity of different procedures 13, 14 and a substantial learning curve to overcome 15 -18 . Previous studies 19, 20 have highlighted the need for a stepwise progression through the learning curve in order to minimize morbidity, and this sentiment was reinforced during the European Guidelines Meeting for Laparoscopic Liver Surgery 21 .
Conversion during laparoscopic liver surgery should not be viewed as a failure of the operation as in certain circumstances it is necessary for safe progression and to ensure adequate oncological clearance. However, recent work 22 has demonstrated that patients requiring conversion to open surgery have worse outcomes than those who whose resection is completed laparoscopically. This is especially true if the reason for conversion is an unfavourable intraoperative event. Therefore, case selection is of paramount importance to ensure that the difficulty of a procedure is matched to the experience of the surgeon, particularly during the learning curve.
To ensure that resections of appropriate difficulty are selected for individual surgeons, an objective means of preoperative stratification of difficulty is required. Ban and colleagues 13 proposed a difficulty scoring system for laparoscopic liver resection that highlighted five factors which increase the difficulty of resection of liver tumours. However, this score was developed and validated on the subjective interpretation of difficulty of 86 laparoscopic liver resections at three separate centres by four different surgeons. In addition, all patients were from an Asian population with a higher incidence of cirrhosis and hepatocellular carcinoma and lower BMI than would be expected in Europe. Recently, a classification of laparoscopic resections was published that incorporated the location and extent of resection, and included technically complex resections 14, 23 . This classification grouped resections by complexity to allow case selection. However, although this study reported data from a European population, it was based on data from a single institution and only took type of resection into account; patient and tumour factors were ignored. These scoring systems correlate well with one another, suggesting that resection of a small peripheral lesion in the anterolateral segments is more straightforward than resection of a large lesion in the central or posterosuperior segments, but both are limited by assessing tumour factors alone.
Using conversion as a marker of complexity, previous studies 22,24 -28 have highlighted several factors that increase the complexity of laparoscopic liver surgery including: increasing age, diabetes, high BMI, neoadjuvant chemotherapy and repeated resection. In addition, excessive blood loss has been associated with worse patient outcomes 29 and should also be considered a marker of intraoperative complexity. The present European multicentre study was conducted to develop and validate a predictive model for difficulty of laparoscopic liver resections based on intraoperative complications.
Methods
To develop and validate a predictive model for the risk of intraoperative complications during laparoscopic liver resection, an international, multicentre database of Adapted from Kazaryan et al. 33 . *Coordinate analysis of receiver operating characteristic (ROC) curves demonstrated that for laparoscopic liver resections blood loss over 775 ml was associated with a higher 30-day mortality rate; this was used to define 'over the normal range'.
electronically stored, prospectively collected data was compiled. Consecutive patients undergoing planned purely laparoscopic liver resections, from the first implementation of laparoscopic liver resections, were included in the following centres: University Hospital Southampton, Southampton, UK; San Raffaele Hospital, Milan, Italy; Oslo University Hospital, Oslo, Norway; Ghent University Hospital, Ghent, Belgium; Antoine-Béclère Hospital, Paris, France; University of Navarra Hospital, Pamplona, Spain; and Groeninge Hospital, Kortrijk, Belgium. Laparoscopic liver surgery was first undertaken in these centres in 2003, 1997, 1998, 1999, 1999, 2004 and 2011 respectively. Data were collected until 31 October 2016. In each centre, the majority of operations were performed by a single surgeon responsible for the laparoscopic liver programme within that centre. Hence, this data set represents procedures from every stage of the learning curve for laparoscopic liver surgery. The local ethics committees of each centre granted approval for the review and auditing of data for research purposes. The indications for laparoscopy were similar in all institutions. All patients were discussed in local multidisciplinary team meetings to assess the feasibility of the laparoscopic approach, depending on disease characteristics, local expertise and resources available. Included in the study were patients undergoing planned laparoscopic liver resection for benign or malignant lesions. There were no exclusion criteria based on BMI, increasing age, ASA fitness grade, number and distribution of lesions, and extent of resection. Absolute contraindications to the laparoscopic approach included the need for vascular resection and Data collected included: patient demographics, medical and surgical history, tumour characteristics, operative details, postoperative inpatient details, and 30-and 90-day mortality. The type of resection was categorized into three groups (minor, technically major and anatomically major) based on the Louisville consensus classification 30 , with the additional classification of technically major resections 14, 23 . Technically major resections are those that would be considered minor resections anatomically (involving only 1 or 2 Couinaud segments) but are located in areas of the liver that are difficult to access laparoscopically (segments I, IVa, VII and VIII). Simultaneous small-volume liver resections were classified as concurrent procedures, as were simultaneous bowel resection, stoma creation or closure, hernia repair, lymphadenectomy, nephrectomy, adrenalectomy, oophorectomy, microwave ablation and radiofrequency ablation. Postoperative morbidity was based on the most severe complication, and graded according to the Clavien-Dindo classification 31, 32 .
Outcome
The objective marker of a complex operation was an intraoperative complication, as described in the modified Satava classification ( Table 1) 33 . Key markers were blood loss over the normal range, unintentional damage to surrounding structures and conversion to hand-assisted/hybrid or open approaches. To establish 'blood loss over the normal range', a coordinate analysis of a receiver operating characteristic (ROC) curve of blood loss compared with 30-day mortality was used (area under the ROC curve (AUC) 0⋅716, 95 per cent c.i. 0⋅574 to 0⋅857). This demonstrated an increase in 30-day mortality that corresponded to a blood loss of 775 ml. This value was used to stratify operations as 'normal' or 'over the normal range' for blood loss. The study was based on the intention-to-treat principle and so any operation planned to be completed laparoscopically was included. Conversion was defined as a decision to change the operative approach to hand-assisted/hybrid or laparotomy.
Predictors
To establish factors currently regarded as influencing the difficulty of laparoscopic liver resections, a comprehensive literature review was performed using Ovid MED-LINE and PubMed in July 2016. All studies in English with more than ten patients describing difficult resections and those requiring conversion during laparoscopic liver surgery were reviewed. The results of this literature review were used to produce an online survey of 26 factors that was sent directly to 190 established laparoscopic liver surgeons, disseminated through the European-African Hepato-Pancreato-Biliary Association website to its members; the results have been published in detail elsewhere 34 . In brief, the survey returned 80 responses (42⋅1 per cent response rate) from a mixed cohort of surgeons from Europe, Northern America and Asia, with a collective experience of 7196 laparoscopic liver resections. The results demonstrated that multiple variables, including patient, Values in parentheses are percentages unless indicated otherwise; *values are median (range). †Data were incomplete for this variable. ‡Resections that would be defined as anatomically minor resections, but involve the technically challenging segments (I, IVa, VII or VIII) 23 . IVC, inferior vena cava. §χ Values in parentheses are 95 per cent confidence intervals. *Not used in model development as they were not significant on multivariable analysis, or (in the case of extent of resection) another predictor (classification of resection) was found to have better predictive ability for difficult operations. 
The risk factor is denoted as ( i ). The base category for each risk factor was used as the reference value for that factor (W iREF ), and assigned 0 points. Higher-risk categories were assigned progressively increasing reference values (W ij ) to reflect an increased risk. The regression coefficient of each risk factor was established during binary logistic regression (B i ). Regression units for a categorical change were established by subtracting the base reference value from the reference value of interest and multiplying this by the regression coefficient (B i (W ij -W iREF )). The increased risk associated with a change from 'no' to 'yes' of the lowest-risk dichotomized factor was used as the constant (B) and is marked with an asterisk. The points assigned to each categorical change were calculated by dividing the number of regression units for that categorical change by the constant (B i (W ij -W iREF )/B).
surgical and tumour factors, altered the difficulty of laparoscopic liver resections. All risk factors associated with an increased difficulty of laparoscopic liver resection from the literature review and subsequent survey were included in an initial univariable analysis. To reduce overfitting of the predictive model, factors not found to be statistically significant on univariable analysis were excluded from the subsequent multivariable analysis. It was assumed that missing data occurred in a random fashion with respect to clinical variables, so patients were excluded by listwise deletion before the multivariable analysis to allow for complete-case analysis. Type of resection was categorized into three groups: minor, technically major and anatomically major 23 . This was chosen above extent of resection, according to the Brisbane 2000 classification 35 , as it performed better on ROC curve analysis in its ability to predict intraoperative complications (AUC for type of resection 0⋅632, 95 per cent c.i. 0⋅605 to 0⋅658; AUC for extent of resection 0⋅586, 0⋅558 to 0⋅614). Lesion size was categorized into three groups (less than 3 cm, 3-5 cm and more than 5 cm) 13 . All other risk factors were assessed as binary variables.
Statistical analysis
Binary analysis was performed using χ 2 and/or Fisher's exact test. Analysis of ordinal data with binary outcomes was done using Mann-Whitney U test. Binary logistic regression was used for multivariable analysis. Linear trend analysis was carried out by means of a Mantel-Haenszel test. The ability of a continuous variable to predict a binary outcome (including testing of the model) was assessed from the AUC on ROC curve analysis. Spearman rank correlation, χ 2 test and Mann-Whitney U tests were used for 54⋅7 E x t r e m e l y h i g h 11 61⋅3 E x t r e m e l y h i g h 12 69⋅8 E x t r e m e l y h i g h 13 72⋅4 E x t r e m e l y h i g h 14 76⋅7 E x t r e m e l y h i g h 15 80⋅2 E x t r e m e l y h i g h Points for each of five risk factors were assigned as described in Table 5 , and summed to give a total score. Low-risk procedures are suitable for surgeons at the beginning of the learning curve. Moderate-risk procedures are suitable only for surgeons who have overcome the learning curve for minor resections. High-risk procedures are suitable only for surgeons who have overcome the learning curve for both minor and major resections. Procedures that are considered extremely high risk should only be considered by leaders in the field, and for the majority of surgeons and centres could be considered unsuitable for laparoscopic liver resection.
analysis of outcomes. P < 0⋅050 was considered statistically significant. SPSS ® version 24 was used for statistical analysis (IBM, Armonk, New York, USA).
Model building
Univariable analysis of risk factors for intraoperative complications was performed on the entire study group.
Statistically significant risk factors (P < 0⋅050) were subjected to listwise deletion and included in the subsequent analysis. Using the SPSS ® randomization function, two separate cohorts were developed 36 , one for the development and calibration of the scoring system (consisting of two-thirds of the cohort) and a second for the internal validation (one-third of the cohort). Using the Framingham Heart Study methodology 37 , a points system was developed to estimate the risk of an intraoperative complication. Binary logistic regression was used to establish the independent risk factors ( i ) for intraoperative complications and their regression coefficients (B i ). Following this, risk factors were categorized to mirror clinically meaningful states. The base category (that with the lowest risk) for each factor was used as the reference value (W iREF ), and was assigned 0 points. Higher-risk categories were assigned progressively increasing reference values (W ij ) to reflect an increased risk. The reference values for dichotomized/binary variables such as neoadjuvant chemotherapy were assigned 0 for 'no' and 1 for 'yes'. Continuous variables, such as lesion size, were grouped by the value of the midpoint of each category (for example, 4 cm represented the midpoint of the group that contained lesions ranging in size from 3 to 5 cm). Following this, the difference in terms of regression units between each category was established by subtracting the base reference value (W iREF ) from the reference value of interest (W ij ) and multiplying this by the regression coefficient (B i ):
To establish the constant (B) the number of regression units that corresponded to a 1-point increase in the score was used. This was the increased risk associated with a change from 'no' to 'yes' for the lowest-risk dichotomized factor (neoadjuvant chemotherapy). The number of points associated with a category change for each factor was calculated by dividing the number of regression units for that categorical change by the constant:
The points for each categorical change were rounded to the nearest integer. Once the point system had been established, the risk associated with each points total was calculated using exponentiation of the linear model, taking into account the intercept, the product of the points total and the constant and base values for the continuous risk factors (Appendix S1, supporting information). The risk predicted by the points system was then tested against the risk predicted by the 2 Risk predicted by the points system a before and b after calibration compared with actual frequency of intraoperative complications in the model development cohort (1606 patients). y = 0⋅056x + 0⋅020 for predicted risk before calibration; y = 0⋅056x -0⋅055 for predicted risk after calibration; y = 0⋅055x -0⋅057 for actual frequency of intraoperative complications logistic model to ensure that no loss of accuracy had occurred (Table S1 , supporting information). Calibration of the points system was undertaken graphically by the comparison of actual frequency of intraoperative complications with the risk predicted by the scoring system. Following calibration, the points totals were grouped based on risk of intraoperative complications into low (less than 10 per cent), medium (10-20 per cent) and high (20-50 per cent) risk. In addition, a further category, extremely high risk, was added, which included those with a greater than 50 per cent risk of intraoperative complications.
Following development of the scoring system, the model was validated internally on the validation group of patients that was not used in the development of the scoring system, using Mantel-Haenszel test and ROC curve analysis.
Results
A total of 2856 patients were enrolled in the study, of whom 2409 were randomized to the development (1606) or the validation (803) cohort (Fig. 1) . Some 541 of the 2856 procedures (18⋅9 per cent) were associated with intraoperative complications. Of these, 319 were grade I (59⋅0 per cent) and 222 (41⋅0 per cent) grade II (requiring conversion to open operation). Reasons for conversion are provided in Table S2 (supporting information). Those with intraoperative complications had higher postoperative complication rates (32⋅5 versus 15⋅5 per cent; P < 0⋅001), a longer duration of hospital stay (5 versus 4 days; P < 0⋅001), and higher 30-day (3⋅0 versus 0⋅3 per cent; P < 0⋅001) and 90-day (3⋅8 versus 0⋅8 per cent; P < 0⋅001) mortality rates.
Patient demographics and univariable analysis of risk factors for intraoperative complications are shown in Table 2 . Multivariable analysis found that neoadjuvant chemotherapy (P = 0⋅013), previous open liver resection (P < 0⋅001), increasing lesion size (P < 0⋅001), resection of malignant lesions (P < 0⋅001) and increasing classification of resection (P < 0⋅001) were all independent risk factors for intraoperative complications ( Table 3 ). Subsequently each independent risk factor for intraoperative complications were assigned points that were rounded to the nearest integer (Tables 4 and 5) .
With an increasing total score, the likelihood of an intraoperative complication increased (P < 0⋅001). Scores of 0-2 were associated with a less than 10 per cent (low) risk of intraoperative complications, scores of 3-5 with a 10-20 per cent (moderate) risk, and scores of 6-9 with a 20-50 per cent (high) risk of intraoperative complications. Finally, scores of 10 or more were associated with an extremely high risk of intraoperative complication (over 50 per cent) ( Table 6 ).
Graphical comparison of the risk predicted by the points system and the actual frequency of intraoperative complications in the development cohort (1606 patients) demonstrated near-identical regression coefficients (0⋅056 for the points system versus 0⋅055 for the actual risk), with a higher y-axis intercept (representing a higher baseline risk predicted by the model) (Fig. 2a) . Calibration of the model resulted in improved matching with the actual risk of intraoperative complications (Fig. 2b) .
Testing of the points system on the validation cohort (803 patients) demonstrated that the likelihood of an intraoperative complication increased with an increasing score (P < 0⋅001). The points system was able to predict intraoperative complications with moderate accuracy (AUC 0⋅677, 95 per cent c.i. 0⋅647 to 0⋅706). Interestingly, the points system was also able to predict 90-day mortality, with an AUC of 0⋅769 (0⋅681 to 0⋅858). Coordinate analysis also demonstrated a cut-off value of 5, corresponding to the move from moderate-to high-risk procedures.
Discussion
Laparoscopic liver surgery is currently undergoing exponential growth. It is envisaged that more surgeons and centres will expand their practice to incorporate this approach into their services within the next few years. At the European Guidelines Meeting for Laparoscopic Liver Surgery 21 it was pointed out that the acquisition of a complex skill must be undertaken in a stepwise fashion, building complexity into progressive levels until mastery is achieved. Traditional advice would suggest starting with minor resections and subsequently proceeding to major resections as experience increases. However, this simplification overlooks factors that have been demonstrated to affect the difficulty of laparoscopic liver resection. Hence a simple, objective and robust preoperative difficulty scoring system that encompasses all factors proven to increase the difficulty of a laparoscopic liver resection may help surgeons adopt a stepwise progression.
The development of the present scoring system is unlike any other as it examined all factors suggested to increase the likelihood of intraoperative complications during laparoscopic liver resection. The scoring system was developed and validated in a large European multicentre cohort. The results demonstrate that five factors are independently associated with an increased risk of intraoperative complications during laparoscopic liver resection. Resections of malignant lesions, increasing lesion size, neoadjuvant chemotherapy, previous open liver resections and the classification of the resection (which can be viewed as an amalgamation of lesion location and volume of resection) were all found to be independently associated with an increased risk of intraoperative complications during laparoscopic liver resections.
In the present study, patients who had intraoperative complications had worse outcomes in terms of duration of hospital stay, a higher complication rate, and higher 30-day and 90-day mortality rates. A higher score corresponded to an increased risk of intraoperative complications.
Testing of the model demonstrated that the accuracy of the points system is maintained compared with the logistic model. Thus, considering the ease of use of a points system, this should probably be adopted in favour of the logistic model.
Grouping of scores into risk brackets was performed in order to guide surgeons through the learning curve. The learning curve for minor resections is between 20 and 60 procedures 15, 16, 38, 39 , whereas that for major resections is between 30 and 60 procedures 17 -19,40-42 . Therefore, those at the beginning of the learning curve (first 40 procedures) should be undertaking low-risk procedures (score 0-2) before moving to moderate-risk procedures (score 3-5) for the second part of the learning curve. High-risk procedures (score 6-9) that include complex resections with multiple predictors of difficulty should be attempted only by those who have overcome the learning curve for minor and major resections (more than 100 procedures with at least 50 of moderate difficulty). Procedures in the extremely high-risk category should be considered by only leaders in the field, and for the majority of surgeons and centres could be considered unsuitable for laparoscopic liver resection.
The present scoring system correlates well with the other scores 13, 14 . It demonstrates that the extent and location of the resection, as well as lesion size, affect the difficulty of a laparoscopic liver resection. The classification proposed by Ban and colleagues 13 uses left lateral sectionectomies and simple hepatectomies as the cut-off between low-and moderate-risk procedures and moderate-and high-risk procedures respectively. The present scoring system classifies a left lateral sectionectomy as low risk and a simple hepatectomy as moderate risk based solely on classification of resection. However, with additional risk factors, these would represent moderate-and high-risk procedures respectively. The inclusion of all factors found to independently increase the likelihood of an intraoperative complication by the present model allows surgeons precisely to gauge the difficulty of a laparoscopic liver resection before undertaking the procedure. This in turn should enable appropriate case selection with respect to the current experience of a surgeon, which may in turn reduce intraoperative complications.
The lack of statistical significance of cirrhosis in the present model is noteworthy. In contrast, the scoring system of Ban and co-workers 13 highlighted that cirrhosis, specifically Child-Pugh B compared with Child-Pugh A, increased the perceived difficulty of a laparoscopic liver resection. This may be explained by the higher population incidence of cirrhosis in their study cohort. Another possible explanation for the inconsistency between the two models is the small cohort used by Ban et al. , such that the model may have suffered from underfitting and hence may have attributed statistical significance inappropriately. Regardless of the reason, taken the limited proportion of patients with cirrhosis in the present study, the use of this model in populations with a higher incidence of cirrhosis should be restricted until the score has been validated in a representative population.
The limitations of this study include its retrospective nature, and the lack of data regarding the timing, duration and number of cycles of neoadjuvant chemotherapy. In addition, the inability of the model to perfectly predict an intraoperative complication suggests that other factors are responsible for part of the difficulty of laparoscopic liver resections.
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